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ABSTRACT: Although the unusual structural, magnetic, 
electronic and spin characteristics of manganocene has intrigued 
scientists for decades, a unified explanation and rationalization of 
its properties has not yet been provided. Results obtained by 
Multideterminantal Density Functional Theory (MD-DFT), 
Energy Decomposition Analysis (EDA) and Intrinsic Distortion 
Path (IDP) methodologies, indicate how this uniqueness can be 
traced back to the manganocene’s peculiar electronic structure, 
mainly, the degenerate ground state and close lying electronic and 
spin states.
Manganocene (MnCp2) is an organometallic compound that has 
many unusual properties and manifests several characteristics that 
are completely unique regarding all other known cyclopentadienyl 
(Cp) sandwich compounds. MnCp2 and its derivatives are the 
only metallocenes with spin crossover properties and chemical 
reactivity that correspond to those observed with pure ionic 
alkaline-earth metallocenes.1-3 Furthermore, the antiferromagnetic 
behavior manifested below 159°C, in the crystalline state, was 
very confusing with no analogy with previously, or subsequently 
discovered sandwich compounds.1,4,5 Only after the elucidation of 
the microscopic structure, consisting of the intriguing polymer 
like a zigzag chain, Figure 1, did the observed magnetic properties 
become clear.4 In the brown crystalline form, that exists below 
159°C, every manganese ion is coordinated with one η5 
cyclopentadienyl anion and two additional bridging Cp– ligands, 
that achieve contact between neighboring manganese centers, a 
necessary prerequisite for the antiferromagnetic interaction. 
Manganocene is a thermochromic compound, and, at 159°C an 
abrupt phase transition occurs to a pink crystalline form which 
persists until the MnCp2 melting point at 175°C.6 In this 
paramagnetic pink form, and in the liquid and gas phase, 
manganocene molecules are in the common sandwich-like 
arrangement, with the high spin (HS) manganese center (S=5/2). 
In the monomeric sandwich arrangement, the low spin (LS) state 
is very close in energy, and it was expected that manganocene 
possesses spin crossover properties that could be observed by 
preserving the monomeric form at lower temperatures. In order to 
avoid the formation of a polymeric chain, the frozen solution was 
prepared (by doping in a host matrix of MgCp2 and FeCp2 below -
183°C) and, as anticipated, the LS state was observed.1,7 However, 
the LS-HS energy difference was so small that even slight 
variations of intermolecular interactions in the frozen solutions 
were sufficient to change the ground state (depending on whether 
the host systems favor packing with long or short Mn-Cp 
distances).1 At low temperature in a non-coordinating solvent 
(toluene) the equilibrium between the spin states and 
polymerization process was described.8 Additionally, a spin-
crossover temperature (-61°C) for the monomeric form has been 
determined. All these results unequivocally demonstrated that 
monomeric units are LS, but switch to HS when increasing the 
temperature, and, when there is sufficient concentration and 
mobility of MnCp2 units, the polymerization occurs, Figure 2.
Surprisingly, the isoelectronic ferrocenyl cation, [FeCp2]+, that 
has the same ground state, is found only in the monomeric LS 
form and shows none of the strange manganocene behavior.9
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Figure 1. Schematic representation of the zigzag chain structure of 
MnCp2. The different hapticity in shared rings is also depicted. 
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Figure 2. Schematic explanation of various forms of MnCp2
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2Although the puzzling structural, magnetic, electronic and spin 
characteristics of manganocene intrigued scientists for many 
decades, an explanation for its unique properties, and reasons 
behind them, has not yet been provided.  Instead, various 
interesting aspects of MnCp2 behavior have been treated 
separately.5,10-13 To the best of our knowledge, this is the first 
attempt to give an integrated approach accounting for all these 
phenomena and place them in the framework of the quantitative, 
but straightforward electronic structure arguments, by means of 
Density Functional Theory (DFT). It will be demonstrated that the 
peculiar behavior of MnCp2 originates from its even more 
interesting electronic structure: mainly, the degenerate ground 
state and close lying electronic and spin states, by analysis of the 
spin states in the monomeric and zigzag environment, as well as 
the magnetic interactions between manganese centers when they 
are bridged with Cp– ligands in the chain polymeric form. 
Through the entire manuscript, the correspondence has been made 
with the isoelectronic [FeCp2]+, which does not show the same 
behavior as manganocene.
The qualitative molecular orbital (MO) diagram of simple 
sandwich metallocenes, depicted in Figure 3, can be found in 
almost any inorganic/organometallic textbook.6 In the D5h 
symmetry the most important MOs, originating from five metal d-
orbitals, are  e2’, a1’ and e1’’ (Figure S1 in the Supplementary 
Information (SI)). e2’ and a1’ are metal centered, non-bonding and 
close in energy, while e1’’ are metal-ligand antibonding and much 
higher in energy, Figure S2. From this set of orbitals, in the case 
of a d5 metal center, there are three important electronic 
configurations: (e2’)(a1’)(e1’’) i.e. 2E2’ state, 
(e2’)(a1’)(e1’’) i.e. 2A1’ state and (e2’)(a1’)(e1’’) that 
gives 6A1’ state. In the LS state, the 2E2’ is the ground state, and is 
subject to Jahn-Teller (JT) distortion by e1’ vibrations, from D5h 
to C2v. If we consider an arrangement belonging to the D5d 
symmetry, i.e. a staggered conformation of the Cp– rings, the 
ground state is 2E2g, inducing the distortion along the e1g normal 
modes which removes the degeneracy and reduces the symmetry 
to C2h. However, this conformation is less stable. The additional 
point that needs to be considered when analyzing the MnCp2 
electronic structure is the very close lying 2A1’ state. It was 
initially even believed that 2A1’ is the lowest doublet state in the 
gas phase.1
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Figure 3. Qualitative MO diagram for metallocene 
sandwich compounds in D5h symmetry.
All calculations have been done at OPBE/TZP level of theory, as 
implemented in ADF.14 This level of theory afforded excellent 
results in the past, for both geometries and spin states of 
complicated transition metal compounds,15-22 including 
metallocenes.3 It is noteworthy that treatment of degenerate states 
by DFT is not straightforward, but multideterminantal DFT 
approach (MD-DFT) can be successfully applied.23-25  Energies of 
degenerate states have been obtained using the high symmetry 
structure with the electronic density relaxed to a low symmetry 
subgroup26 (see SI for details). The Mn-Cpring center distances are 
2.056Å for 6A1’ state and 1.69Å for 2E2’ state, and they are (as 
well as other structural parameters) in excellent agreement with 
the experimental values at elevated temperatures, Table S1.27 The 
problem of accurate determination of the correct spin ground state 
by DFT in transition metal complexes was initially detected in 
200128,29 and is perfectly demonstrated for the example of 
MnCp2.3,11,13,30 The abundance of theoretical work over the last 
two decades clearly indicated the preference of most hybrid 
functionals toward HS and early GGAs toward LS 
states.16,22,28,31,32 Thus, since hybrids are often used and as MnCp2 
has a very close lying HS state, it is not a surprise that in several 
studies,11,30 MnCp2 is calculated to be in a HS ground state. With 
OPBE, proven to be accurate for spin state energetics, the LS state 
is preferential, with ΔEHS-LS=5.00 kcal·mol-1. This result is in 
perfect agreement with high-level ab initio calculations (ΔEHS-
LS(RASPT2)=4.93 kcal·mol-1).33 The energy difference between 
the 2E2’ and 2A1’ states was a more formidable task, and OPBE 
showed that 2E2’ is lower in energy by just 0.05 kcal·mol-1. In 
order to estimate the HS/LS energy difference in the zigzag 
polymeric chain, the MnCp3 and a “trimer” with two Mg2+ ions 
around Mn2+ center, were used, Figure 4. The initial structures 
were taken from the MnCp2 zigzag crystal structure, and then 
further relaxed. Using the geometry from the X-ray structure, as 
well as the optimized one, with both model systems, the very 
large HS/LS splitting in favor of the HS state was obtained 
(approximately -60 kcal·mol-1 in the X-ray environment and -35 
kcal·mol-1 after relaxation).  
Mn
MgMg
Figure 4. The model system used to estimate the HS/LS energy 
difference, on a single Mn2+ center in the zigzag structure.
As the ground state 2E2’ is JT active, the JT stabilization energy 
(EJT) was obtained by MD-DFT,23-25 and the result of 1.43 
kcal·mol-1 (500 cm-1) corroborates the experimentally estimated 
value of 350 cm-1.34,35 The exchange coupling constant (see SI for 
details) calculated for a dimer extracted from the crystal structure 
was -15.5 cm-1, which is in agreement with an experimental 
estimate of -9.3 cm-1,4 representing the antiferromagnetic 
behavior. For the already described reasons, the comparison with 
[FeCp2]+  is given. The calculated values for the 6A1’/2E2’ energy 
difference, 2E2’/2A1’ energy difference and the EJT for [FeCp2]+ 
are 46.95 kcal·mol-1, -5.48 kcal·mol-1 and 1.32 kcal·mol-1 (462 
cm-1), respectively. These results indicate that 2E2’ is more 
stabilized compared to both 6A1’ and 2A1’ states, but the EJT is 
somewhat smaller than in the case of MnCp2. However, these 
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3results on their own were not enough to explain the differences 
between manganocene and the ferrocenyl cation.
In order to tackle the quantum mechanical reasons for the 
formation of zigzag polymer in MnCp2, and not in [FeCp2]+, the 
thermodynamics of the zigzag environment has been examined. 
The first part of the analysis is devoted to the energy 
decomposition analysis.36 In order to study the environment in the 
polymeric chain, the sandwich MnCp2 is compared to the MnCp3 
model system (and analogously for Fe3+ in the ferrocenyl cation). 
The interaction of selected fragments (in our analysis, metal ion 
and Cp  ligands) can be decomposed into two contributions: 
∆E=∆Eprep+∆Eint, The preparation energy, ∆Eprep, is the energy 
needed to prepare the ionic fragments and consists of three terms 
∆Eprep=∆Edeform+∆Ecyc-cyc+∆Evalexc. ∆Edeform is the energy needed 
to deform the separate Cp  rings from their minimum energy 
structure to the geometry that they obtain in MCp2, ∆Ecyc-cyc is the 
electrostatic repulsion between the two anionic Cp   rings created 
while constructing one fragment with 2Cp   rings. ∆Evalexc is the 
valence-excitation energy, needed to prepare the metal from its 
spin-unrestricted (polarized) ionic state (6S for Mn2+ and Fe3+) to 
the spin-restricted form used as a fragment file. The second 
contribution of the total energy is the interaction energy, ∆Eint , 
which is the energy released when the prepared fragments (i.e. 
Mn2+(or Fe3+) + 2Cp ) are placed into the position they possess in 
MCp2, and it also consists of three terms: 
∆Eint=∆Velstat+∆EPauli+∆Eorbint. The term ∆Velstat corresponds to the 
classical electrostatic interaction between the charge distributions 
of initial fragments, and is normally stabilizing. ∆EPauli (the Pauli-
repulsion) represents the destabilizing contribution originating 
from the unfavorable interaction between fully occupied orbitals 
(since they produce both bonding and antibonding orbital fully 
occupied, but antibonding brings more destabilization); the 
combination of ∆Velstat+∆EPauli is sometimes taken as measure for 
steric interactions. The orbital interaction ∆Eorbint incorporates 
several contributions, including donor–acceptor interactions 
(occupied orbitals on one fragment and unoccupied on the other). 
∆Eorbint can be decomposed into the contributions from each 
irreducible representation.
Our EDA analysis (Tables 1 and 2) indicates that when we 
decompose the HS/LS energy difference, we see that the largest 
contribution to the HS/LS preference in MnCp3– (compared to 
MnCp2) comes from ΔEcyc-cyc (which is more than twice as large 
in MnCp3–), i.e. the energy required to bring two (or three) Cp– 
anions next to each other to the geometry of the complex. Since 
the dominant factor that governs the HS/LS preference is now 
extracted, this contribution for Fe3+ has been calculated and 
compared with Mn2+ results, as an attempt to explain the 
preference only of Mn2+ toward zigzag crystal structure. The 
results are given in Table 3. It is clear that the repulsion between 
Cp– anions is comparable in [FeCp2]+ and MnCp2, while for 
model systems with 3Cp– anions these values differ by ~20 
kcal·mol-1. i.e. as distinct from D5h structures, it is 
thermodynamically much less favorable to produce the zigzag 
form with Fe3+ than with Mn2+.
Table 1. EDA analysis of [Mn(Cp)3]- at OPBE/TZ2P level 
of theory, in kcal·mol-1.
[Mn(Cp)3]- LS HS ∆E
ΔEprep 415.83 218.41 -197.42
ΔEdeform 1.34 0.38 -0.96
ΔEvalexc 159.28 1.89 -157.39
ΔEcyc-cyc 255.21 216.14 -39.07
ΔEint -972.19 -808.08 164.11
ΔEPauli 276.50 99.60 -176.90
ΔEelstat -724.56 -650.71 73.85
Total steric -448.06 -551.11 -103.05
ΔEorbint -524.12 -256.98 267.14
ΔEHS-LS = (ΔEprep+ ΔEint)HS-(ΔEprep+ ΔEint)LS=  -33.31
Table 2. EDA analysis of Mn(Cp)2 at OPBE/TZ2P level of 
theory. LS has been calculated in C2v symmetry, since it is 
JT active. All values are in kcal·mol-1.
Mn(Cp)2 LS HS ∆E
ΔEprep 248.76 78.43 -170.33
ΔEdeform 0.52 0.22 -0.30
ΔEvalexc 153 1.89 -151.11
ΔEcyc-cyc 95.24 76.32 -18.92
ΔEint -827.29 -650.42 176.87
ΔEPauli 298.08 120.14 -177.94
ΔEelstat -606.45 -533.84 72.61
Total steric -308.37 -413.7 -105.33
ΔEorbint -518.92 -236.72 282.2
ΔEHS-LS = (ΔEprep+ ΔEint)HS-(ΔEprep+ ΔEint)LS=              6.5
Table 3. Comparison of ΔEcyc-cyc for [MCpn]q, for M = 
Mn2+, Fe3+, n = 2,3 and q = -1,0,+1. The values are in 
kcal·mol-1.
LS HS
MnCp2 ΔEcyc-cyc 95.24 76.32
[FeCp2]+ ΔEcyc-cyc 95.96 81.19
[MnCp3]─ ΔEcyc-cyc 255.21 216.14
[FeCp3] ΔEcyc-cyc 267.29 240.90
Moreover, as the ground 2E2’ state is prone to the JT effect, the JT 
distortion path from D5h to C2v is followed by use of the Intrinsic 
Distortion Path (IDP) model, developed by one of us.23-25 A short 
description can be found in the computational details section of 
SI. With this model, we were able to rationalize which normal 
modes contribute to the JT distortion, their contribution to the EJT 
and how their contributions change along the IDP. The full results 
regarding the IDP treatment of MnCp2 and [FeCp2]+ are presented 
in IDP section of SI, and only the main results and the 
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4representation of the most important vibrations participating in 
the JT distortion, Figure 5, are presented here. Since the ground 
state has E2’ symmetry, the condition that , 0H q   
imposes that normal modes (q) need to have e1’ symmetry (since 
in D5h: E2’⊗ E2’= A1’+[ A2’]+ E1’) and the first D5h subgroup in 
which (one component of) these vibrations transform(s) as totally 
symmetric representation is C2v. The analysis of the JT distortion 
in both MnCp2 and [FeCp2]+ indicates that there are two 
identically highly significant vibrations that had to be taken into 
account when considering the JT distortions in these metal 
complexes. They are depicted in Figure 5, in the blue and red 
frame. The one at 150 cm-1 bends the two Cp rings and has the 
main influence on the JT distortion of both systems, but does not 
bring the dominant energetic contribution. This mode perfectly 
describes the sandwich opening in order to form a zigzag 
polymeric chain. Complementary to this, the vibration at 
approximately 450 cm-1 (ring tilt) additionally displaces the 
central metal ion and distorts the Cp planarity, and since it has a 
higher frequency, dominantly contributes to the EJT. After further 
comparing the MnCp2 and [FeCp2]+ it can be seen that 
manganocene has a larger EJT and a somewhat larger distortion. 
More importantly, and present only in manganocene, there is one 
vibration of e2’ symmetry at 830cm-1 (Figure 5, green frame) that 
is important for the overall stabilization. This vibration has 
considerable force and energy contribution and approximately it 
corresponds to the difference in EJT with regard to [FeCp2]+. 
Interestingly, this is not the JT active mode, and its true origin can 
be easily traced back to the pseudo-JT formalism (PJT).37 The 
PJT effect takes into account the interactions with the excited 
states (of appropriate symmetry and energy separation relative to 
the ground state). Since our ground state is  E2’ , and, looking at 
the PJT contribution , where  2
0 0i ii
H q E E   
the excited states are labeled by i, it is clear that acceptable 
i

need to have  or  symmetry. It has been shown that the    𝐸′1 𝐴′1
2E2’/2A1’ energy difference in MnCp2 is -0.05 kcal·mol-1 while in 
[FeCp2]+ it is -5.5 kcal·mol-1. Now, it becomes clear why this 
intriguing vibration is contributing only to the distortion in 
manganocene that have a low lying A'1 state. The described e2’ 
mode mostly deforms angles inside Cp rings and, to a small 
extent, bond lengths. As Cp rings need to deform when they go 
from MnCp2 to zigzag polymeric form (there are significant 
changes in angles and bond lengths because this process changes 
the hapticity), this vibration is the initial trigger that facilitates the 
conversion. 
Finally, two different arrangements of five‐membered anionic 
rings coordinated to metal ions, belonging to the D5h and D5d 
point groups will be discussed. In MnCp2, the D5h conformer is 
favored by ca. 1 kcal·mol-1, while for [FeCp2]+ these two 
possibilities are almost isoenergetic and, thus, MnCp2 is found in 
D5h, but [FeCp2]+ is more often in the D5d arrangement in crystal 
structures. When the IDP analysis was performed, it has been 
established that the distortion from the D5d point is governed by 
only one (e1g) dominant vibration (at 380 cm-1), Figure 5, purple 
frame, but it does not lead to the desired bent crystal structure like 
in D5h conformer, so the D5d structure is not responsible for 
formation of the zigzag structure.
e1' ~ 150cm-1
e1' ~ 450cm-1
e2' ~ 830cm-1
e1g ~ 380cm-1
Figure 5. Four important JT active normal modes regarding the 
analysis of MCp2 systems, in D5h and D5d symmetry. 
The present work demonstrates that the peculiar behavior of 
manganocene is a consequence of three major factors: i) the JT 
active 2E2’ ground state that induces a distortion (Figure 5, blue 
frame, 150 cm-1) that corresponds to the Cp bending which 
creates a zigzag polymer, ii) the close lying  6A1’ state that 
enables the conversion to the HS state present in the zigzag 
polymer, and, finally, iii) the close lying 2A1’ that facilitates the 
ligand deformation and triggers the polymerization. Only one of 
these three factors is present in any other metallocene complex, 
which sheds light on the peculiar behavior of manganocene that 
ironically does not follow the example of its homologue based on 
iron.
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 Figure 2. Schematic explanation of various forms of MnCp2 
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 Figure 3. Qualitative MO diagram for metallocene sandwich compounds in D5h symmetry. 
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 Figure 4. The model system used to estimate the HS/LS energy difference, on a single Mn2+ center in the 
zigzag structure. 
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 Figure 5. Four important JT active normal modes regarding the analysis of MCp2 systems, in D5h and D5d 
symmetry. 
242x302mm (300 x 300 DPI) 
Page 10 of 11
ACS Paragon Plus Environment
Journal of Chemical Information and Modeling
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
